NAVAL POSTGRADUATE SCHOOL
Monterey, California

THE RELATIONSHIP BETWEEN A SUBMARINE’S
MAXIMUM SPEED AND ITSEVASIVE CAPABILITY
By
Knut Rief Armo
June 2000
Theds Advisor: Arnold H. Buss
Second Reader: James N. Eagle

Approved for public release; distribution isunlimited.



REPORT DOCUMENTATION PAGE Form Approved

OMB No. 0704-0188

Public reporting burden for this collection of information is estimated to average 1 hour per response, including the time for reviewing instruction,
searching existing data sources, gathering and maintaining the data needed, and completing and reviewing the collection of information. Send
comments regarding this burden estimate or any other aspect of this collection of information, including suggestions for reducing this burden, to
Washington headquarters Services, Directorate for Information Operations and Reports, 1215 Jefferson Davis Highway, Suite 1204, Arlington, VA
22202-4302, and to the Office of Management and Budget, Paperwork Reduction Project (0704-0188) Washington DC 20503.

1. AGENCY USE ONLY (Leave blank) 2. REPORT DATE 3. REPORT TYPE AND DATES COVERED
June 2000 Master’'s Thesis
4. TITLE AND SUBTITLE 5. FUNDING NUMBERS

THE RELATIONSHIP BETWEEN A SUBMARINE'SMAXIMUM SPEED AND ITS
EVASVE CAPABILITY

6. AUTHOR(S)
Armo, Knut Rief

7. PERFORMING ORGANIZATION NAME(S) AND ADDRESS(ES) 8. PERFORMING ORGANIZATION

REPORT NUMBER
Naval Postgraduate School
Monterey, CA 93943-5000
9. SPONSORING / MONITORING AGENCY NAME(S) AND ADDRESS(ES) 10. SPONSORING / MONITORING
AGENCY REPORT NUMBER

11. SUPPLEMENTARY NOTES

The views expressed in thisthesis are those of the author and do not reflect the official policy or position of the Department of
Defense or the U.S. Government.

12a. DISTRIBUTION/AVAILABILITY STATEMENT 12b. DISTRIBUTION CODE
Approved for public release; distribution unlimited.

13. ABSTRACT

The experiences of submarine warfare from WWI and WWII have generally dictated maximum speed when designing
conventional submarines. Technological development of submarine and antisubmarine weapons, however, requires examination of
submarine warfare and tactics. Thisthesisfocuses on acoastal conventional submarine’s ability to survive, asafunction of its
maximum speed, when attacked by alight antisubmarine warfare (ASW) torpedo. It also evaluates the maximum speed with which
the submarine should be equipped to ensure a specified probability of survival. The measure of effectiveness (MOE) isthe
probability that the submarine, operating up to maximum speed and launching only one set of countermeasures, is not caught by the
torpedo.

The investigation builds on a discrete event simulation model. The systems simulated are a submarine, alight ASW
torpedo, and a countermeasure system consisting of one decoy and four jammers. The results show that maximum speed of a
submarine does effect the submarine’ s evasive performance between 12 and 18 knots. The simulated model reached a maximum
probability of survival at 18 knots. That result should be regarded as a minimum since areal life system might require a higher
maximum speed to reach its greatest probability of survival.

14. SUBJECT TERMS 15 NUMBER OF
Conventional Submarines, Anti Submarine Warfare Torpedoes, Torpedo Countermeasure Systems PAGES

109

16. PRICE CODE
17. SECURITY B Soaan Y CLASSIFICATIONOF 1 19 sECURITY CLASSIFI- CATION | 4% SHMAATION OF
CLASSIFICATION OF REPORT | J =3 "0 (2 | OF ABSTRACT
Unclassified classifi Unclassified uL

NSN 7540-01-280-5500 . Standard Form 298 (Rev. 2-89)

Prescribed by ANSI Std. 239-18



THIS PAGE INTENTIONALLY LEFT BLANK



Approved for public release; distribution isunlimited
THE RELATIONSHIP BETWEEN A SUBMARINE'SMAXIMUM SPEED
AND ITSEVASIVE CAPABILITY
Knut Rief Armo
Commander, Roya Norwegian Navy
B.S., Norwegian Nava Academy, 1986
Submitted in partid fulfillment of the
requirements for the degree of
MASTER OF SCIENCE IN OPERATIONS RESEARCH

from the

NAVAL POSTGRADUATE SCHOOL
June 2000

Author:

Knut Rief Armo

Approved by:
Arnold H. Buss, Thess Advisor

James N. Eagle, Second Reader

Richard Rosenthd, Chairmar
Department of Operations Research



THISPAGE INTENTIONALLY LEFT BLANK



ABSTRACT

The experiences of submarine warfare from WWI and WWII have generaly
dictated maximum speed when designing conventiona submarines. Technologica
development of submarine and antisubmarine weapons, however, requires examination of
submarine warfare and tactics. Thisthesis focuses on a coastal conventional submaring's
ability to survive, as afunction of its maximum speed, when attacked by alight
antisubmarine warfare (ASW) torpedo. It dso evaluates the maximum speed with which
the submarine should be equipped to ensure a specified probability of surviva. The
measure of effectiveness (MOE) is the probability that the submarine, operating up to
maximum speed and launching only one set of countermeasures, is not caught by the
torpedo.

The investigation builds on a discrete event Smulation modd. The systems
amulated are a submarine, alight ASW torpedo, and a countermeasure system consisting
of one decoy and four jammers. The results show that maximum speed of a submarine
does effect the submarine' s evasive performance between 12 and 18 knots. The
smulated mode reached a maximum probability of surviva at 18 knots. That result
should be regarded as aminimum since ared life sysem might require a higher
maximum speed to reach its grestest probability of surviva.
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EXECUTIVE SUMMARY

The demand for a high maximum speed when designing conventional submarines
has primarily been dictated by the experiences of submarine warfare from WWI and
WWII. Until recently this maximum speed criterion has seldom been questioned.
Meanwhile, the technologica development of submarine and antisubmarine wegpons has
required many changes in submarine warfare and tactics. These developments should
aso influence the demands on future submarine designs, and in particular may influence
maximum submerged speed requirements.

Thisthess investigates the relationship between the maximum submerged speed
of a conventiona coasta submarine equipped with atorpedo countermeasure system and
the evasive capability of the submarine. In particular the thesis focuses on the
submaring s ability to survive, as afunction of its maximum speed, when attacked by a
light antisubmarine warfare (ASW) torpedo. The thesis also evauates the maximum
speed with which a conventiond submarine should be equipped to ensure a specified
probability of survival while evading alight ASW torpedo. The measure of effectiveness
(MOE) used in this thesis is the probability that the submarine, operating up to maximum
gpeed and launching only one set of countermeasures, is ot caught by the torpedo.

The invedtigation builds on a discrete event smulatiion modd. The model
involves the movements of the systems, the detection of targets, the logic behind the
decision of attack mode or search mode for the torpedo, and the logic for execution of the
evasve actions by the submarine. The systemsthat are Smulated are a submarine, alight
ASW torpedo, and a countermeasure system congisting of one decoy and four jammers.
The wegpons systems are based on unclassified data from open sources.

The high-speed torpedo startsits circular search for the submarine, when dropped
from aship or an arcraft. The submarine immediately executes its evasive actions after
detecting the torpedo. These actions involve evasve maneuvering and deployment of
countermeasure systems. The four jammers form an acoustic shield around the
submarine meant to bresk theinitid contact of the torpedo. While the decoy, which hasa
gpeed of 17 knots, seduces the torpedo to follow. Simultaneoudy the submarine turns
away from the decoy and starts accelerating to its maximum speed.



Since the intention is to evauate the submaring s maximum speed, the submarine
is not allowed to launch anew set of countermeasures, but depends on its speed to escape
the torpedo. The torpedo has a short endurance and may run out of power before it
catches the submarine. If so, the submarine escapes and survives, if nat, it iskilled. The
maximum speed is the independent variable of the experiments, and the probability of
surviva is measured for each maximum speed.

The results of this thesis show that maximum speed of a submarine does have an
effect on the submarine s evasive performance within a specific range of speed. For the
smulated modd, that range is between 12 and 18 knots. The smulated model reached a
maximum probability of survival at 18 knots. That result should be regarded as a
minimum since ared life syslem might require a higher maximum speed to reach its
greatest probability of surviva.
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INTRODUCTION

A. THE NEED FOR SPEED

The main features of the submarine have aways been its capabilities to dive and
to conduct attacks with powerful torpedoes from a hidden submerged position. Speed
and mohility have aso characterized the submarine throughout its history. Prior to the
end of WWII, the submarine was by and large a surface going torpedo boat designed to
dive, then stay submerged until the tactical Stuation dlowed it to surface again. When
submerged, it was powered by batteries, which had to be recharged by the submarine's
diesdl engines and generators when the ship returned to the surface. Thus, most WWII-
era submarines were designed with a high surface speed (15-19 knots), when the diesdl
engines provided the energy, and a much lower submerged speed (seven to nine knots),
when the battery capacity was the limiting congtraint. These capabilitieswere dso
reflected in the design of the hull, a V-shaped bow dlowing high surface speed. The
need to surface in order to charge the batteries or to run with high speed to intercept
targets made the submarine vulnerable to attacks.

When the snorkdl mast was introduced in the latter part of WWII, the submarine
could charge its batteries while submerged. Because the submarine did not have to
surface while charging, it was designed to run at a higher submerged speed to make better
tactical use of its submerged state. The German Type X X1, which entered production in
1944, was designed with a maximum submerged speed of 17.18 knots. (Miller, 1991,
p.78). Conventiona submarine designs since WWII have had high maximum submerged
Speed.

The demand for high maximum speed in post-WWI1 conventiond submarines has
primarily been dictated by the experiences of WWI and WWII. Current speed
maximums range from 16 to 24 knots with design and technology condraints limiting the
upper range.

Following World War 11 and up until the last couple of decades, few changes have
been made to the design of submarines and the weapons used to attack them. Whether
attacking surface ships or evading antisubmarine warfare (ASW) platforms, high speed
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has generdly been crucid for the submarine to succeed in itsmisson. The generd
scenario determining a specific top speed for a submarine was as follows:

To carry out an attack, the submarine first penetrated the screen of escorts around
the target and then moved into afiring pogition. This pogtion normally provided a
torpedo track of between 1,000 and 3,000 meters. To reach afiring position, the
submarine often needed to use its maximum speed to Sprint into a favorable position
closeto the target’ s course line or mean line of gpproach (MLA). Thus the submarin€'s
required maximum speed had to exceed the target’ s speed, which was gpproximately 15
knots for a convoy. After the attack, the submarine again had to use high speed to clear
the datum (the last known position the enemy had on the submarine) it had just created
and to evade the antisubmarine escorts. Because of flow noise around the hull, the
performance of the surface ship’ s searchrand-attack sonar was severely degraded when
the ship’s speed exceeded 15 to 16 knots.

Today, technologica developments of submarine and antisubmarine warfare have
changed the Stuation. The submarine s modern anti- surface warfare (ASuW) torpedoes
are both wire-guided and homing, and they have increased tactical range of 15,000
meters or more. Thisincreased torpedo range relaxes the former demand for the
submarine to quickly achieve afiring postion close to the target’ strack, so high speedin
this phase of the attack is no longer needed.

The threat againgt the submarine has dso changed in nature. During an atack on
an escorted target, the main threat used to be the first generations of ASW torpedoes or
depth charges either dropped directly from the escorts or mortared out to a specific range
from the ship. Today the most dangerous threat to a submarine, both during an attack and
in other Stuations, isamodern light torpedo dropped from a ship’s helicopters or from
maritime patrol arcraft (MPA).

The light ASW torpedo is a sophisticated wegpon that homes in on the submarine
with ahigh speed of between 32 and 50 knots. A conventiona submarine is not able to
outrun a torpedo dropped within some range closeto it. The submarine, however, might
make use of its stealth capacities to avoid detection from the torpedo’ s sonar or, if
detected, to try to break contact by different countermeasures and clear the datum by

2



sorinting away. A light torpedo normally has short endurance. By the time it managesto
regain contact, the submarine could be out of itsrange. Thus, the submarine needs to
have a maximum speed high enough to open the distance from the last datum held by the
searching torpedo so that the torpedo is unable to catch the submarine.

Both in the development of staff requirements for new submarine desgnsand in
the evolution of evasve tactics, it is of great interest in the submarine community to
determine the consequences of the submaring s maximum speed on its evasive
capabilities. Thisthes's addresses maximum speed and its impact on modern submarine
desgn.

B. PROBLEM DESCRIPTION

1. Problem Statement

The questions addressed by this thes's concern the evasive performance and
maximum speed of a conventiona submarine equipped with atorpedo countermeasure
system when attacked by amodern light ASW torpedo dropped by an aircraft.

Soedificaly:
What isthe effect of a conventiona submaring s maximum speed on its
evadve performance when attacked by a modern light ASW torpedo?

What should be the maximum speed of a conventiona coastal submarine

equipped with a torpedo countermeasure system to ensure a specified
probability of surviva while evading alight ASW torpedo?

2. M ethodology

To define this problem properly, it is necessary to describe the capabilities and
performance limits of conventiona submarines and light ASW torpedoes, and of the

possible torpedo- countermeasure sysems. It is aso important to understand the evasive

actions taken by a submarine, and the operating scenario for the submarine, torpedoes,
and countermeasure systems.  The following paragraphs discuss evasve actions and

operating scenarios, while the next section provides an overview of the systems.



Evadve actions taken by a submarine consst of the following phases or dements

in sequentia order:

Avoid detection. In this phase the submarine takes advantage of itslow
sgnatures (both its sdf-generated noise radiation and its target echo

strength), and the oceanographic conditions in order to remain undetected.

Break contact. If detected it is necessary to take evasive actions to break
the contact. This can be done by change of speed, course, or depth, or by
deploying some sort of torpedo countermeasure device. Most often a
combination of these actionsis carried out. The countermeasures can be
decoys that transmit the same sonar pulses as those transmitted from the
torpedo, or smply just air bubbles released by the submarine. The
countermeasures can aso be powerful noise generators made to screen the
submarine from the torpedo.

Clear the datum. If the submarine is successful in bresking the contact, it
is of importance to clear its position last known to the enemy.

These evasive phases are the same whether dodging a delivery platform or an incoming
torpedo. Thisthess considers only situations in which the submarine evades alight
torpedo.

The geometry of this scenario is different in each case. The scenario dependson
theinitia distance between the submarine and the torpedo, and the relaive bearing of the
torpedo to the submarine. Other variables are the relative courses of the countermeasure
devices deployed from the submarine.

This thes's focuses on the probability that the submarine escapes the torpedo.
That is the probability that it manages to run into a safe position by diverting the torpedo
with its deployed countermeasures and using its high speed. A safe postion is one where
the torpedo can no longer reach the submarine because of the torpedo’s limited
endurance. Thisthesisfocuses on the submarineg' s speed required to achieve a safe

position, and does not evauate the more complex total probability of submarine survivd,
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which isafunction of the torpedo’s probability of hit (P(hit)) and probability of inflicting
morta damage given it hits (P(mortal damage)).
3. General System Descriptions

a. Description of a Conventional Submarine

The smdl conventiond submarine (known by the designator SSC) hasa
displacement of gpproximately 500- 1,500 tons and is mainly designed for coasta
operations. It can dso carry out blue water operations (for which the large ocean going
conventiona submarine (known by the designator SSK) is designed) within its range and
endurance limits The small size benefits its acoustic target echo strength (TES)
sgnature, which tends to be lower than the TES of SSKs and nuclear attack submarines.

Conventiona submarines have maximum submerged speeds of 16 to 24
knots, and very low acoustic Sgnatures. Their maximum speed is much lower than thet
of nucdlear-propelled submarines. They aso have very short endurance at maximum
speed. Endurance depends on the battery capacity when the top speed run sarts. Quite
often the submarine is unable to maintain top speed for more than 15 to 30 minutes.

Conventiona submarines are equipped with adiese eectrica propulsion
system congigting of amain eectrica motor that turns the propeller shaft. The dectrica
motor is powered by the battery package, which occupies a considerable amount of space
onboard. The batteries are charged by generators powered by the diesal engines, which
again can be run while submerged at periscope depth (PD) by the use of a snorkd mast.
New submarine designs aso plan the ingdlation of an air independent propulsion system
which, without restricting the submarine s operating depth, can charge the batteries
without snorkeling. This new system would be capable of ingtantaneoudy providing the
main electrica motor with the power needed for lower speeds. Such adesign would help
the submarine maintain a high battery capacity at any time, improving the endurance of a

maximum speed run.

1 A small conventional submarine designed to operate in coastal watersis normally given the designator
SSC, whilelarger conventional submarines designed to operate in open ocean (blue water) isa SSK. These
designations are related to the range and endurance of the two categories of submarines, where the SSK has
the longest range and longest endurance of thetwo. These designations are also related to the capabilities
of the submarines. The SSK often has better ASW capability than the SSC, while the SSC might certainly
be ASW capable but is mainly both designed for and tasked to execute ASUW operations.
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Because of the smd| size of these submarines, conventiona submarines
have limited space for torpedo storage. The submarines in some cases may not be
equipped with atorpedo storage room at dl, instead carrying dl their torpedoesin the
torpedo tubes.

Because of the submarine s design redtrictions, high submerged speed isa
costly demand. The maximum speed is one of the dements that drivesthe design of a
submarine. It affects the size and numbers of batteries, which may possbly increase the
gze of the submarine or take up vauable interior space. The batteriesin turn affect the
gze of the diesdl engines, the generators, and the snorkd system.  The maximum speed
aso affects the Size of the dectrica propulson motor. Since Size of asubmarinehasa
negeative impact on its target echo strength (TES) sgnature, alarger submarineisin
generd less gedthy than asmdler one.

Themain task of the SSC is anti- surface warfare (ASUW). With long-
range torpedoes, the submarine can carry out an attack on surface ships from distances
well outsde the surface ships wegpon ranges, except when the surface ships carry
organic ASW helicopters or fixed wing aircraft.

b. Description of a Light ASW Torpedo

Modern light ASW torpedoes have a high speed of 32 to 50 knots, afairly
smdl warhead with gpproximately 30 to 50 kilograms of high explosives, and an engine
compartment designed to attain high speed quickly and to maintain the speed for only six
to ten minutes. The torpedo is normally equipped with a high frequency sonar with low
power, limiting its range to 700 to 2,000 meters.

C. Description of a Torpedo Countermeasure System

There are anumber of expendable torpedo countermeasure systems
available on the market today. Most systems consist of one decoy launched from the
submaring ssgnd gector. The decoys are designed to seduce the incoming torpedo and
causeit to break contact with the submarine. Once launched, the decoy operates
independently of the launch platform and holds ation at its launched depth or at a pre-

selected depth. There are dso amilar sysems that consst of alarge self-propelled decoy
6



launched from the submaring s torpedo tubes (e.g., Russan MG-74ME). Thisisa
sophisticated system, but has the disadvantage that it occupies a torpedo tube and
displaces a torpedo.

More sophigticated systems consst of severd units that are launched. One
or more of these are decoys while the others are jammers, whose role isto screen the
radiated noise from the submarine as well as the submarine' s echo from the torpedo’s
active sonar. The decoy units may aso be self-propelled and move away from the
submarine. These systems are launched from canisters outside of the submaring' s
pressure hull, consderably decreasing the reaction time.

Some of these systems are autometicaly launched when the submarine's
torpedo warning system detects atorpedo. Other systems require the order from the
submaring s Commanding Officer (CO) or from the Officer on Watch.

This chapter described the historica need for high maximum speed.
Based on the development of ASW and ASuW, both weapons and tactics, this chapter
sets up the questions of the development of the submarine design of today, and in
particular the demand for speed. This chapter described the wegpon systems that are of
interest in generd. The next chapter describes these wegpon systems in detail asthey are
used in thisthess.
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. DESCRIPTION OF THE SCENARIO

This chapter describes the measure of effectiveness to be used, the scenario of
interest, the three different wegpon systems, and how they interact in this scenario. The
three main weapon systems, the submarine, the torpedo, and the torpedo countermeasure
system, are dl generic systems. Thisthesis does not contain any classified information.

The scenario condsts of one submarine and an incoming light torpedo dropped at
aposition randomly chosen within aradius of 2000 meters and within ardative bearing
between 0 and 360 degrees from the submarine. When the submarine detects the torpedo,
it conducts a preset evasive maneuver after agiven time delay, and launches the
countermeasure system, consisting of one decoy and four jammers. The countermeasure
units are sef-propelled. The decoy moves away from the submarine, while the
noisemakers deploy in a pattern around the submarine to shield it from the torpedo’s
sonar.

This chapter devel ops the measure of effectiveness (MOE) which isthen used to
evauate the behavior of the wegpon systems and thelr interactions under various
scenarios. The MOEs are developed with respect to the problem statement (ref Chapter
1) which emphasizes the evasive performance of the submarine as afunction of its
maximum speed. After describing the messures of effectiveness used, this chapter

describes the systems and the geometry of the scenario in more detall.

A. MEASURE OF EFFECTIVENESS

The primary measure of effectiveness (MOE) is the probability that the
submarine, operating up to maximum speed and launching only one s&t of
countermeasures, is not caught by the incoming torpedo. Perhaps the submarine manages
to outrun the attaching torpedo, and the torpedo thereafter runs out of power before it can
catch up with the submarine. The submarine might also be able to get outsde the
torpedo’ s detection range before the torpedo finishes investigeting the decoy. In these
cases the surviva of the submarine is afunction of the synergy between the
countermeasure system and the evasive run of the submarine, where the maximum speed
of the submarine is the only independent varidble of the trids.
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This MOE is chosen to ensure that the submaring' s maximum speed is evauated,
not the effectiveness of the submarine' s torpedo countermeasure system or the
effectiveness of the torpedo. If, for ingance, the submarine launches severd sets of
countermeasure systems, it might manage to keep the torpedo at a safe distance without
the use of speed at dl. Inthese cases, it is not the performance of the submarine that is
measured but rather that of the countermeasure system.

Anacther MOE that could be considered is the probability that the submarineis
killed by the incoming torpedo. This MOE is quite complicated and involves other
variables not necessarily related to the speed of the submarine, such as the effectiveness
of the torpedo’swarhead. Consequently, this thesis will use the first MOE.

Although the MOE focuses on the catch or the escape of the submarine, there
might be reference to the kill or the surviva of the submarine in thisthesis. The
probahilities of kill or surviva are understood as the probabilities of catch or escape of

the submarine.

B. DESCRIPTION OF THE SYSTEMS

This section contains a detailed description of each of the wegpon systems and
their subsystems. It also describes the geometry of the scenario, and how each system
interactsin detail.

Thisis an uncdlassfied thesis, and dl warfare systems used are generic. They are
built on existing systems though, with data from open sources like Jane' s Fighting Ships
or Jane' s Underwater Warfare Systems. These data are primarily performance
characteristics such as speed and range, and have not provided information of the
systems performance and actions taken in the scenario of interest. In cases where the
action or reaction performed by each of the systemsis of importance for the scenario and
the model, the characteristics have been developed for the purpose of thiswork. The
performance characteristics are described in more detail later in this chapter. Note that
the actions taken in amilar Stuations by existing systems might be different then the
actions taken by the generic systems of thisthesis.
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1 The Torpedo

The torpedo used in thismodd is alightweight anti- submarine torpedo, which can
be fired from ether a surface ship or from a helicopter or maritime patrol aircraft (MPA).
The torpedo has stlandard dimensions for lightweight torpedoes, it is 2.6 meters long with
adiameter of 0.32 meters. It has a speed of 40 kt (20.58 meter per second) and aturrn-
radius of 65 meters. Its endurance is eight minutes. By comparison the British-produced
Sting Ray torpedo has a speed of 45 kt and the US-produced Mk 46 a speed of 40 kt. The
endurance for both of these two torpedoes is approximately 8 minutes (Jane's
Underwater Warfare Systems, pp. 248, 249, 251, 252). A turn-radius of 65 metersis
assumed. The torpedo is equipped with a search and attack sonar with an effective
detection range of 1500 meters. The sonar has a search sector of 45 degreesto each sde
of the torpedo’ s centerline.

The torpedo is dropped within 1500 meters from its target, the submarine. It is
preset to search in acircle until it makes contact with atarget, either a submarine or a
decoy. Intheworst case the torpedo might not make contact a dl, and circlesin this
position until the end of itslife. In most casesin this study though, the torpedo makes
contact with either the submarine or the decoy.

The torpedo chooses the target that has the highest acoustic target strength (TES)
and attacksiit. If the chosen target isthe decoy, the torpedo at some point reclassfiesits
target as a non-submarine because its warhead does not receive the expected ignition
criteria. (Either the torpedo senses the lack of an expected magnetic signature from its
target, or misses the expected force of animpact.) Some torpedoes may detonate when
hitting a decoy, but that is not a Stuation considered in thisthesis. If the decoy dartsthe
ignition process in the torpedo, the mode would not measure the performance of the
submarine and the vaue of its maximum speed, but the efficiency of the countermeasure
system instead. The countermeasure system’ srole is to seduce the torpedo and screen the
submarine so that the submarine can clear the datum by the use of its speed before the
torpedo starts chasing it.

When the torpedo has reclassified the decoy correctly, it either starts running after
the submarine, if it isin contact, or performs anew search by going into circles. It isthus
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cgpable of searching the areabehind it again, which it passed while it had locked on and
chased the decoy. If the submarine now is outside the protection given by the
noisemakers and still within the range of the torpedo’ s sensor, the torpedo should be able
to gain contact, and this time attack its proper target. It isnow arace between the
relatively dow submarine and the much faster torpedo. At this moment when the torpedo
dartsitsfind chase, it isonly the distance between the two and the remaining endurance
of the torpedo that determine the outcome of the game.

2. The Submarine

The submarineisasmdl conventional submarine, desgned for operationsin
coastal and shallow waters. It has a displacement of 1000 tons, aturn-radius of 120
meters and an acceleration of 0.05 meters per second squared. The maximum speed of
the submarine is the independent variable in this modd and has been varied between 12
and 24 kt. The submarine is equipped with passve search sonars and a sonar-warning
system designed to detect active sonar emissons from other platforms. The submarine
can, with these sensors, theoretically detect an active sonar a twice the distance as the
active sonar from the torpedo can detect the submarine.

When atorpedo is detected, the submarine begins a set of evasve actions. It
deploys the decoy and a pair of jammers, and then start its evasve maneuver. To get as
far away from the decoy as possble it starts accelerating to maximum speed, and turns
towards a course approximately reciprocal to the decoy’s course.

3. The Torpedo Counter measure System

The torpedo countermeasure system in this model congsts of one decoy and four
jammers placed outside of the submaring s pressure hull (for ingtance in the casing or in
the sail). This generic torpedo countermeasure systems are Smilar to the German TAU-
2000 and the Italian C303/310 torpedo countermeasure systems (Jane' s Underwater
Warfare Systems pp. 169-171). Thefour jammers are shot in pairs, with one jammer on
each Sde of the submarine, and with an interval of 14 seconds between the two pairs.
They are sdif-propelled with a short range. At ardlative course 30 degrees off the
submarine' s course to each side, they swim 40 meters out to a position where they stop

and become gationary while emitting the acoudtic noise. The four jammersthen form a
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cluster of noise around the submarine in the crucid first 25 - 30 seconds (Figure 1), so

that the torpedo, if dready in contact with the submarine, might lose contact.

Submarine

Jammer: .

Jamming-circle: Q

Figure 1: Example of how jammers are deployed around the submarine’s track.

The torpedo might then make contact with the decoy. The decoy is aso sef-
propelled with a speed of 17 kt and arange of 10000 meters. It responds to the sonar
transmissions from the torpedo and returns asignd that is meant to sound like the echo
from asubmarine. The decoy is ordered on a course perpendicular to the bearing of the
torpedo. While the decoy attracts the torpedo towards itsdlf, the submarine runs at
maximum speed in the opposite direction. The submarine attempts to keep the exiding
cluster of noisemakers, till stationed in its deployed position, between itsdf, and the
decoy and torpedo.

4, The Geometry of the Scenario

Each scenario’ s geometry depends on the relative bearing of the torpedo to the
submarine. More specifically, the bearing is established at the time the submarine detects
torpedo. At that moment, the submarine must react quickly to the incoming threet, and
conducts necessary counteractions as soon as possible. Based on the bearing to the

torpedo, the submarine caculates the firing course of its decoy and its own evasve
13



maneuver. In generd there are four different Stuations, one for each of the quadrants
around the submarine from which the torpedo can come. For each of these Stuations the
submarine reacts differently as to which way it turns and where it sends its decoy.

By using the decoy, the submarine tries to keep the torpedo as far away from itsalf
asposshle. That isachieved by sending the decoy on to a course perpendicular to the
bearing of the torpedo, and then turning the submarine towards a course reciproca to the
decoy’ s course. With respect to bringing the submarine awvay from itsinitid position, the
turn itsalf does not contribute as much as alinear motion would. For this reason, and aso
because a turn decreases the submarine s acceleration, it is of importance for the
submarine not to turn more than necessary. In order to never turn more than 90 degrees,
the decoy is aways shot on a course into the two aft quadrants of the submarine.

Indl of the scenarios, theinitid velocity of the submarine has been defined with
adirection of (-1, 0); the aressinitialy related to the forward part of the submarine are
the second and the third quadrants of the circle, respectively related to the starboard and
port sdes of the submarine. Similarly, the areas aft of the submarine are related to the
firgt and the fourth quadrants of the circle. The first quadrant is on the starboard sde and
the fourth on the port side.

a. Incoming Torpedo in Quadrant 11

When the bearing of the torpedo isto the starboard side of the submarine
from relatively straight ahead to 90 degrees starboard, the decoy is fired into Quadrant |
on a course perpendicular to the torpedo’ s bearing. The submarine accel erates and turns
port to a course in the third quadrant where it might keep the decoy straight &ft of itself.
(ref Figure 2).
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Quadrant |1 Quadrant |

Torpedo

Submarine

Quadrant 111 Quadrant 1V

Figure2: Example of a scenario where the torpedo comes from the 2" quadrant

b. Incoming Torpedo in Quadrant 111

The submarin€ s reaction to an incoming torpedo from the third quadrant
isdmilar to its reaction in the second quadrant scenario. In this case the submarine fires
the decoy into the fourth quadrant, perpendicular to the bearing of the torpedo. The
submarine evades by accd erating to maximum speed and turns to starboard into the
second quadrant. (ref Figure 3).
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Quadrant 11 Quadrant |

Submarine

Torpedo \

Quadrant 111 Y Deco Quadrant IV

Figure 3: Example of a scenario where the torpedo comes from the 3" quadrant

C. Incoming Torpedo in Quadrant |

When the bearing a the time of detection from the submarine to the
torpedo isin the first quadrant, the decoy is again fired into the fourth quadrant, and the

submarine evades to starboard into the second quadrant. (ref Figure 4).
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Quadrant |1 Quadrant |

Torpedo

Quadrant I11 Quadrant 1V

Decoy

Figure 4: Example of a scenario where the torpedo comes from the 1% quadrant
d. Incoming Torpedo in Quadrant IV

When the bearing at the time of detection from the submarine to the
torpedo is in the fourth quadrant, the decoy isfired into the first quadrant, and the
submarine evades to port into the third quadrant. (ref Figure 5).
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Quadrant |1

Quadrant 111

Submarine

Decoy

Quadrant |

Torpedo

Quadrant IV

Figure5: Example of a scenario where the torpedo comes from the 4" quadrant

Idedly, if the submarin€ sturn-radiusis close to zero, the submarine

should turn to a course that is the torpedo bearing +/- 90 degrees. Since the submarine

has arddively large turn radius in this scenario, 120 meters, the submarine would in

some cases have made aturn that istoo large. In the worst cases, when the rdative

bearing to the torpedo is nearly straight-ahead or nearly straight aft, the decoy is shot on a

course nearly perpendicular to the submarine' s course, and the submarine

correspondingly must make alarge turn. Those cases should be seen as the most

extreme, and the geometry shows that the submarine should not have to turn as much as

90 degreesin order to keep the decoy and the torpedo straight &ft. (ref Figure 6).
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Decoy

(@)

Torpedo

Submarine

Figure 6. The submarine sturn-angleq

The geometry aso depends on how far from the submarine the torpedo is
when the submarine' s counteractions start. If the torpedo is detected while it isfar from
the submarine, it gives the decoy more time to move away from the submarine beforeiit is
caught by the torpedo than if the torpedo is detected close to the submarine. In all
scenarios where the decoy’ s course is perpendicular to the submarine sinitia course, the
magnitude of the submarine' s turn depends on the distance B to the torpedo at the start of
the torpedo counter actions, the submarine sturn radiusr, the torpedo speed v; and the
decoy speed vy. Thetimet isthe time when the torpedo recognizes the decoy and starts a
new search for the submarine again. Thetimet gives the sart position C of the torpedo’s
new search, which is the position the submarine would want to keep straight aft when

running away.
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The submarine sturn is therefore a function of the distance C to the
position where the torpedo starts a new search, and the submarine sturn radiusr.

RF: 2
q=cos'¢ :
eC+rg

Thisisthe exact magnitude of the turn the submarine should conduct in
the cases where decoys are launched on courses perpendicular to the courses of the
submarines, ingtead of the first calculation which was a 90 degree turn. q is measured
from the bow of the submarine (-1, 0). A negative valued q describes a starboard turn,
and a positive vaued q describes a port turn.

For cases where the bearing of the torpedo (b;), which is measured from
(1, 0), isnot gtraight ahead or straight &ft, the above expresson isnot vaid. If the
bearing of the torpedo isin Quadrant | or Il (0° < bt £ 180°) thefollowing gpproximation
isused:

8%05-138 ' 99

_ i NS eC+rgs

q =((b, +90)- 180) o -
g e

Thefirg part of this expression isthe turn the submarine would have done
if its turn radius had been closeto zero. The second part decreases the turn in order to
incorporate the magnitude of the turn radius.

If the bearing of the torpedo isin Quadrant 111 or IV (180° < b £ 360°) the

following approximation is used ingtead:

E:j;ec:os'1ae r o9

—((h - on). G eCHrg:
q=((b, - 90)- 180) o -
g o

Since the submaring sinitid direction is defined to be (-1,0), itsinitia
courseis aso 180 degrees. The above gpproximations smplify the caculations of the
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magnitude and direction of the turn for al the scenarios, and do not introduce significant
errors for the MOE estimated.

This chapter has described the scenario and the systems. The next chapter
presents modeling of the sysems for the smulation.
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1. DESCRIPTION OF THE M ODEL

This chapter describes the andytic modd integrating each of the weapon systems
and the interaction among the weagpons systems. The modd is created to most closdy
gpproximate the systems and their behavior as described in Chapter 1. This chapter
discusses assumptions and approximations of the modd. The next chapter discusses the
implementation of the model and presents the computer model, a discrete-event

smulation.

A. THE TORPEDO MODEL

The torpedo is modded with two modes, search mode and attack mode, supported
by four mgor features. The firgt of these featuresis the search pattern, which is used
when the torpedo lacks contacts to lock onto and attack. The second feature is the target
section logic. Thethird isthe attacking run, and the last is the classfication of anon
target, such as a decoy.

1 The Search Pattern

The torpedo is dropped from chosen positions within its sonar range of 1500
meters of the submarine. To orient the torpedo, itsinitia direction is headed towards the
initial pogtion of the submarine.

When the torpedo is dropped, it immediately beginsto search. The search pattern
continues when the torpedo |oses the contacts it made or when it correctly dassfiesthe
decoy it has chased and beginsto locate its red target, the submarine. Since the
torpedo’ s sonar is limited to a sector of 45 degrees to each side of the centerline of the
torpedo, the search is conducted by circling. The sonar covers the area within aradius of
the sonar range plus the torpedo’ s turn radius ri. To gpproximate the torpedo’ s circling
search, the modd uses ahexagon (ref Figure 7). As shown below, this assumption does
not introduce significant errors for the MOE estimated.
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Figure 7: The hexagon path of the torpedo search pattern.

The modd rotates the torpedo through the six vertices of the hexagon. The
hexagon path gpproximates the circular path fairly accurately; an adjustment makes the
smulated torpedo take the same lgp time as it would have in aperfect circle. Thisis
achieved by letting each leg | in the hexagon be a bit longer than the origind r.

1 =21 »1.0471
3

Using the hexagon as an gpproximetion for the circular sweep causes the torpedo
to move dightly outsde the origind circle at each of the vertices. Note, however, that
the torpedo moves mostly ingde the circle at each leg. The missing part of the radiusis

IMmiss:
® 30
e = - ﬁjt » 0,093,
6 4

When the search isinitiated, the torpedo makes a 30-degree (g1) turn to port onto
thefirg leg | of the hexagon. The next turn (g), and al the subsequent turnsin the
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search will be 60-degree turnsto port. Until the torpedo makes acoustic contact with a
target, it continues this search pattern.

The area covered by the torpedo sensor conducting the hexagonal search (An)
relative to the area covered by a perfect circle search (As), depends on the range of the
sensor perpendicular to the torpedo’s centerline (R,) and of the radius of the circler,. The
relationship between these two aress is expressed by the equation:

2 p ep 2 .0
r +R s—r. +—R_=
A_BEVRESTEN
A plr, +R,
If the radius r equal's S0 meters and the perpendicular range (R,) of the sonar is

close to zero, the vaue of this rdationship is gpproximately 0.91. In this casethe
hexagond search modd covers a search area about 9% smdller than a circle search would
cove.

With an increasing sensor range, the relaionship quickly increasesto avaue
greater than one. For aredigtic range of approximately 1000 meters to each side of the
torpedo (R,), the value of this relationship is about 1.09. The maximum sonar range used
in thismode! is 1500 meters, which for a+/- 45-degree sonar sector has aside range of R,
= 1500C2/2. Inthis case, the rlationship between A, and Asis 1.091. This means that
the area covered by the hexagona search model, with sensor coverage, is a most 9.1%
larger than the sensor coverage for a search conducted in aperfect circle. This hexagona
approximation to the search is regarded as a sufficient modd for the torpedo’s search

pattern.
2. The Target Selection Logic

The torpedo’ s sonar isimplemented in the model by a congtant-rate sensor. A
congtant rate sensor has two parameters; the maximum range and the detection rate.
When atarget enters the sensor’ s range the time to detection is exponentialy distributed
with amean vaue of the inverse of the sensor’ s detection rate. If the target leaves the
sensor' s range before the detection time, the detection is cancelled. Note that in redlity, a

torpedo has a sensor-sector of +/- 45 degrees from the centerline of the torpedo, and
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should not make contact with targets outside its sensor-sector. Below it is explained how
this sector isimplemented.

In the modél, the torpedo detects sonar emissions and stores detected contactsin a
detection list that the torpedo brain “logic” evauates. Possible contacts can be
submarines, decoys, or one of the jammers. Jammers are not considered targets; at each
sonar “ping,” contacts classfied asjammers are copied into a“jammer lig,” and dl other
contacts are copied to apossible target list.

Contacts may be diminated from the target list in two Stuaions. Fird, the
bearing of each of the contacts on the target list is checked to see if they are within the
sector of the torpedo’s sensor.  Targets not within the torpedo’ s sector are removed from
the target lidt.

The positions of possible targets are then compared with the positions of each of
the jammers from the jammer list. These noisemakers are modeled as an ided form for
jammers. The jammers are assumed to be 100% efficient, and a target located behind the
circle formed by the jammer and its jamming radius will not be detected. Targets located
behind the circle of the jammer and its radius are removed from the target lidt.

When atarget is removed from the target list it continues to exist on the contact
ligt, and is available for evauation at the next amulated sonar emisson. The torpedo and
the contacts will then have moved relative to each other, and a contact that had been
removed from the target list isagain a potentia target.

Oncethetarget list is accepted, the torpedo begins its attack on atarget. If only
one contact remains on the target lit, the torpedo’ s choice is smple — the torpedo begins
attacking the target. If there are two contacts on the target list, a submarine and a decoy,
the torpedo automaticaly chooses the decoy. This assumption reflects how a decoy is
meant to work tecticaly. Thisisaso anided way of implementing the target echo
grength (TES) for the decoy and the submarine, which are modeed as high and low,
repectively. Thus, the modd assumesthat if the torpedo initidly begins to chase the
submarine but receives target criteriato misdentify the decoy a alater sonar emission, it
switches focus to the decoy and chasesit instead. This alows the decoy to stop the

torpedo’ s atack on the submarine, giving the submarine a chance to evade.
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3. The Chase

When the torpedo begins chasing its target, the path of the torpedo is updated
after each sonar emisson. Each sonar ping provides the torpedo with the distance and the
bearing to the target, so that the torpedo can guide itsaf step by step towards the target.
The torpedo does not take the shortest route to intercept the target, but instead follows a
curved line, with a dope increasing towards the point of interception. This path might be
caled a“dog-curve,” because it resembles the path a dog follows during achase. (Dogs
are obvioudy not good at caculating the point of interception!)

4, The Classification of a Target or a Non-Tar get

When the torpedo has caught the decoy it quickly reclassfiesit correctly, and
begins a new search for the submarine. The modd prohibits the torpedo from making
contact with the decoy again, because that scenario shifts focus away from the objective
of thethess. (The modd might measure the effectiveness of the torpedo countermeasure
system ingtead of the submaring' s maximum speed’ simpact on the survivability of the
submarine.)

To be able to smulate the model, additiona assumptions about detection of
contacts are made. Thefirgt isthat the mode alows the torpedo to reclassify the decoy
when the two are close enough together to provide the torpedo with indications thet its
ignition mechanism should have ignited. Ignition occurs when the torpedo receives the
correct magnetic signature from the target or, when the target is a submarine, the torpedo
receives the correct force from the impact. Since the decoy gives neither, the torpedo is
able to reclassfy the decoy as a non-submarine.

In the modd the torpedo kills atarget at the time the sensor gives the information
that the distance to the target is closer than one meter. When the torpedo kills the target,
its state becomes undetectable. This ensuresthat the torpedo does not make contact with
the same target again, no matter whether the target was a decoy or asubmarine. If the
killed target was a decoy (which is now undetectable), the torpedo attacks the next target
on itscontact lig; if it has a contact, it should be the submarine. If it does not have any
contact on the contact list or if the listed contacts are either outside its sensor-sector or

shielded by one of the jammers, the torpedo again arts on its search pattern.
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B. THE SUBMARINE MODEL

To mode the submarine, assumptions must be made about velocity, speed, turns,
and factors affecting its movement. On each smulation run, the submarine movesin a
initid direction defined to be (-1, 0). Theinitid speed isavariable that can be changed
in the program, but isin this thesis kept & the same vadue for dl the experimentd runs.
Theinitid speedisset a 5 kt. The maximum speed to which the submarine can
accelerate is the independent variable in the modd, and varies from 12 and 25 knots for
each sat of Smulations.

The two main features of the submarine modd are both related to its evasive
actions Thefirg istheinitidization of the torpedo countermeasures, and the second is
the evasion by the submarine itsdlf. Both of these evasive actions are executed at a
randomly chosen delayed time, after the submarine has detected the torpedo. The delay
time is chosen to Smulate a reaction time from the submarineg s Commanding Officer or
the Officer on Watch. Aswith the torpedo, a constant-rate sensor implements the
submarine' s sensors. The submaring s sonar is passive and therefore detects the torpedo’s
active sonar emisson. The model assumes the detection range of the submarine' s sensor
is twice the range of the torpedo’ s sensor range.

The modd initidizes the submarine' s evasive actions after it has calculated in
which of the quadrants the torpedo is located (ref Section 11.B.4). The submarine then
chooses to send the decoy to either Quadrant | or 1V, and turns the submarine into
Quadrant 111 or 11, respectively.

1 The Execution of the Torpedo Counter measur es

When the evasive actions are executed, the decoy and the first pair of jammers are
the first lements of the torpedo countermeasure system to be launched from the
submarine. The submarine cal culates the course of the decoy on the basis of the bearing
of the torpedo before launching the decoy. Fourteen seconds later the next pair of
jammersislaunched. Each pair of jammerslaunched conssts of one jammer on eech

sde of the submarine.
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2. The Evason by the Submarine

The submarine is modeled so that it can accelerate and turn at the same time.

The acceleration is designed with a constant magnitude, which is executed as an onor- off
bassinthemodd. The turn function in the modd is based on afixed-turn radius.

When the evasive action is executed, the submarine beginsto accelerate and turn
immediatdly. In redlity, aturn causes an extra drag on the submarine; thus the moded
dows the acceleration by decreasing it by a constant factor of 0.9 throughout the turn. I
the submarine reaches maximum speed during the turn, it finishes the turn with constant
(maximum) speed. In most cases though, the turn is finished before the submarine has
reached maximum speed; when the turn is complete, the submarine continues to
accd erate with maximum acceleration until maximum speed isreached. After boththe
turn and the acceleration have been completed, the submarine continues straight ahead on
one course a maximum speed. 1t continues until the torpedo killsit or the torpedo
reaches the end of its endurance. At this point the smulation ends.

C. THE TORPEDO COUNTERMEASURE MODEL

The two basic elements of the torpedo countermeasure system, the decoy and the
jammers, are modeled so that the submarine executes each one at the appropriate time.
The behavior and the properties of the jammers and the decoy are modded in a manner
that is asredidtic as possble.

1. The Decoy

The decoy ismodeled so that it is launched on a course perpendicular to the
bearing to the incoming torpedo (ref Chapter 11). The modd alows the decoy to move
with a congtant velocity of 17 knots to a position 10,000 meters from the submarine. The
distance of 10,000 metersis chosen to ensure that the decoy does not stop before the
torpedo has had enough time to investigate it. The decoy is undetectable aslong asit has
the same position as the submarine, but the moment it leavesiits platform it becomes
detectable. When the torpedo has caught and killed the decoy, the decoy continues to
exig in the modd, but is no longer detectable. It does not interfere with the torpedo’s
next task of detecting and attacking the submarine.
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2. The Jammers

Depending on the position of the jammer, starboard or port sde of the submarine,
the submarine orders the jammer to move to a position 40 meters away from the firing
position, 30 degrees off the submarine s course to its chosen sde. Each jammer is
modeled with a speed of 8 knots, fast enough to get it in front of the submarine. Each of
the jammersis equipped with ajamming radius set to 20 meters. The jamming radiusis
copied and used by the torpedo when it checks to seeif the jammer shields the target.
The jammers are modeled to take position in front of and on each sSde of the submarine,
cregting a protective screen around the submarine.

This chapter described how the scenario and the weapon systems are model ed.
The next chapter discusses the implementation of the mode as a smulation.



V.  DESCRIPTION OF THE SMULATION PROGRAM

This chapter describes how the models of the wegpon systems and their behavior
described in the previous chapter are implemented in Java programming code. It presents
the main subroutine cdled a“class’ in Java, and the most important classes that form the
smulaion modd. Main dassindantiates (“calsinto being” and assgnsinitia
parameter vauesto) dl systems and executes the smulation modd. Other classes
incorporate the features of each of the systems and provide the structure to mode the
interaction between the systems. To implement the smulation modd, the Simkit
smulation package created by Professor Arnold Buss at the Naval Postgraduate School
(NPS) and Kirk Stork, a graduate of NPS, has been used (ref Stork, 1996).

A. THE MAIN CLASS

To execute the discrete event smulation modd, the main class cdled
SubExperiment isused. All variables for each system are inputs to the class
SubExperiment. This classingantiates the main objects (the submarine, torpedoes,
decoys and jammers), and connects them to each other by the SmEventListener function,

and the Mediator Factory and Referee dlassesin Simkit.

B. IMPLEMENTATION OF THE TORPEDO MODEL

The class BasicMover implements the interface Mover to modd the torpedo’s
moation. A BasicMover modds uniform linear motion from point A to point B.

The torpedo’s actions are governed by two classes. One class, caled the
TorpedoManager, directstheinitid start and search motions of the torpedo. The second
class, cdled the TorpedoBrain, interprets the torpedo’ s tactical picture of the contacts
around the torpedo at each sonar emisson. The TorpedoBrain decidesif the torpedo
attacks or searches. It then directs the TorpedoManager to execute either the search or
the next leg of the torpedo’s maneuversif it is attacking (ref Chapter 111).

The torpedo’ s sensor isimplemented in a class cdled Tor pedoSensor, which
models a congtant rate sensor. As described in Chapter 111, the modd isthat of a*cookie-
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cutter” sensor, but with an exponentialy distributed random delay of detection after an
object enters the sensor’ s range.

The TorpedoSensor schedules each of the sonar emissions (the * sonar pings’)
which the TorpedoBrain “hears.” The TorpedoBrain registers each sonar ping as it
occurs, it then requests other information needed to evauate its contacts. The class
TorpedoSonar Room creates and keeps a Hashtable lig of the detected contacts. Al
objectsin the scenario are initialy detectable and are treated as contacts by the
TorpedoSensor. The TorpedoSonar Room assigns different vaues to each of the contacts,
depending on whether the contact is a submarine, a decoy, or ajammer.

The TorpedoBrain copies the TorpedoSonar Room' s list of contacts at each sonar
ping, and begins iterating through the list. The TorpedoBrain first sorts the contacts into
two ligs: potentid targets (decoy and submarine) go into atarget list, and jammersinto a
jammer lig. Thetwo ligts are then further refined to exclude invalid contacts.

One type of contact excluded is an object |ocated outside the torpedo’ s sensor
sector or range. The congtant rate sensor used by TorpedoSensor detects dl objects
within itsrange. The TorpedoBrain evauates whether a potentia target is located within
the sector of the torpedo’s sensor (a symmetric area around the torpedo’ s heading), and
removes contacts outside this area from the target list.

The TorpedoBrain dso evauates whether ajammer shields a potentid target from
the torpedo, and removes shieded targets from the target list. The TorpedoBrain
previoudy recelved information on contacts including the jamming-radius for al
jammers (ingantiated from the main class). The TorpedoBrain then caculates whether
the target is shidlded by one of the jammers using the jamming-radius and the updated
positions of the target and the jammers &t the time of the sonar ping. The TorpedoBrain
relates this information to the torpedo’ s position, which caculates the “ shadow” created
by thejammer. If ajammer (and its*shadow”) shields a potentid target from the
torpedo, the contact is removed from the target list.

After excluding shielded or out- of-range contacts, the TorpedoBrain iterates
through the target list to decide which target to attack. If the target list contains two
contacts, the decoy (which has the largest target echo strength value designated by the
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TorpedoSonar Room), is attacked. If only one contact remains on the ligt, that target is
attacked.
Findly, if thetarget ligt is empty the TorpedoBrain orders the torpedo to begin a

new search pattern.

1. The Search Pattern

The torpedo’ s search pattern isimplemented in the TorpedoManager. As
discussed in Chapter 111, each point in the search pattern (each of the verticesin the
hexagon) is calculated on the basis of the previous direction.

2. The Chase

When the torpedo garts its chase after atarget, the path of the torpedo is updated
based on each sonar emisson. At the time of each sonar ping, the TorpedoBrain class
requests information about each target and directs the torpedo step by step to the target by
the order moveTo(target’ s position). The time interval between each of the sonar pingsis
et to one second.

3. The Classification of a Decoy

To remove the decoy from the smulation once it is detected and killed, the decoy
isasubclass of the class MortalMover. This class dlows the torpedo to “kill” the decoy
when the distance between them has reached a preset minimum (20 meters). When
killed, the state of the target becomes undetectable.

C. THE SUBMARINE MODEL

Two classes, SubmarineManager and SubmarineBrain govern the submarine. For
each run the submarine will be sarted with an initid velocity which direction is defined
by the main classto be (-1, 0). The main class postions the submarinein itsinitid
postion (0, 0), and ordersit to move to the position (-2000, 0) by the order moveTo in the
class SubmarineManager.

All of the later actions executed by the submarine are implemented by the class
SubmarineBrain inthemodd. SubmarineBrain cdculatesin which of the quadrants

around the submarine (ref Section 11.B.4) the torpedo islocated. It then decides to send
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the decoy to Quadrant | or 1V and to turn the submarine into Quadrant I11 or |1,
respectively.

1 The Execution of the Torpedo Countermeasures

The SubmarineBrain caculates the course of the decoy on the basis of the bearing
of thetorpedo. It calculates the end position of the decoy, and schedules the time to
launch the decoy. The SubmarineBrain aso ca culates the course and end position of
each of the jammers on the basis of the submarine' s course and launch postion. Both the
decoy and the jammers, which are of the class Target, are sequentidly ingtantiated by the
SubmarineBrain before it launches them.

2. The Evasion by the Submarine

The submarine s evasve maneuvers, turning away from its decoy and
accderding, are both implemented in the class SubmarineManager. The class
BasicMover, which models linear motion, positions the submarine. SubmarineManager
subdivides the submarine s turn into linear ssgments by small ingtant shifts of direction.
Each turn begins with a 7.5-degree change in direction (g, in Figure 8), maintains 15-
degree shifts, and continues turning until the last shift of 15 or fewer degrees. Each of
these turn segments follows a circular path so that the submarine maintains its preset turn
radius. At each shift of direction the SubmarineManager calculates the coordinates of the
next vertex of the path on the basis of the previous leg' s direction and by a shift of basis
into the standard coordinate system of the modd. The order moveTo(next position)
directs the submarine into its new postion.

The submarine s accd eration during the turn is implement in the mode by the
SubmarineManager. SubmarineManager cdculates the time the submarine usesto get to
the next vertex of the path at constant acceleration. On that basis it calculates and orders
an average speed for the next leg.



a2

Figure 8: The turn segments of the submarine.

The SubmarineManager aso cdculates the submarine s acceleration during the
submaring slinear mation. In these cases SubmarineManager divides the submarine's
path in segments of 10 seconds time intervals, and cal culates and orders an average speed

for each segment.

D. THE TORPEDO COUNTERMEASURE MODEL

The two basic dements of the submaring' s torpedo countermeasure system, the
decoy and the jammers, are implemented in the class Target, an extenson of
MortalMover. SubmarineBrain models the behavior of the decoy and jammers, and
executes them. TorpedoBrain models the way the torpedo evaluates its targets.

1 The Decoy

The SubmarineBrain fires the decoy by indantiating it (naming it “Decoy,”) in
the Target class, and garting it on its course calculated by the SubmarineBrain.
SubmarineBrain orders the decoy using the moveTo command to a position 10,000

meters from the submarine. The motion of the decoy is then modeled as a BasicMover .



2. The Jammers

The four jammers, or noisemakers, are dso of the class Target and are
indantiated sequentidly by the SubmarineBrain. Aswith the decoy, BasicMover modds
the mation of the jammers. As described above, TorpedoBrain uses the jamming radius
to determine if the jammer shidds the target from the torpedo in its current position.

This chapter described how the amulation program models each of the eements
and ther interaction. The next chapter describes the design of the experiment and
presents the analysis of the results.



V. THE DESIGN OF THE EXPERIMENT AND THE ANALYS SOF THE

RESULTS

This chapter describes the design of the smulation experiment, presents output
data, and analyzes the results. Outcomes are based on the measure of effectiveness
(MOE) defined in Chapter 1. This MOE isthe probability that the incoming torpedo
does not catch the submarine, based on the maximum speed of the submarine (ref
Chapter 11, p 7). The design of the experiment is based on this MOE.

A. THE DESIGN OF THE EXPERIMENT

The design of the experiment provides results on the ability of the submarineto
evade torpedoes a varying speeds. The parameters expected to influence the outcome of
each run (i.e., does the torpedo catch the submarine or not) are the initid speed of the
submarine, the maximum speed of the submarine, and the start position of the torpedo.

The experiment chosen is of robust design, where the sart position of the torpedo
isfixed at given pogtions. In redity, the drop position of the torpedo relative to the
submarine is an uncontrollable factor for the submarine. The experiment treats
uncontrollable factors as sources of noise (ref Sanchez et al. 1998). The design point
provides an estimate of mean performance and of the uncontrolled variahility.

The experiments cover dl four quadrants and both sdes of the submarine, but are
not symmetric on each side of the submarine. The torpedo conducts its search pattern by
ardling counter-clockwise, thus the torpedo dways turns left when it beginsits search.
The experimenta drop positions of the torpedo are divided into four bearings, onein each
quadrant, and two distances, one close and one further out (ref Figure 9). The close drop
positions are gpproximately 500 meters and the longer distance drop positions
gpproximately 1400 meters from the submarine. The experiment is thus based on these
eight different torpedo start positions.
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Figure9: Theeight start positions of the torpedo.

Theinitid gpeed of the submarine does not vary throughout the experiment, while
the maximum speed of the submarine varies. A conventiona submarine normaly cruises
at speeds between two knots and six knots and in most cases maintains a speed between
three and ten when it is attacking. Theinitia speed of the submarineisfive knots during
the experiment, since that speed is regarded as alikely average speed.

Three maximum speeds, one low, one medium, and one high are used in the
initid part of the experiment. They have been chosen to establish whether the
relationship between the probability of surviva and the maximum speed of the submarine
islinear, and to identify arange of gpeedsto be investigated further. The three maximum
Speeds tested in the initid part of the experiment are 12 knots, 18 knots and 25 knots. A
maximum speed of 12 knotsis an extremely low maximum speed for a submarine, 25
knotsis avery high speed for aconventiond submarine, and 18 knotsisacommon
maximum speed in today’ s submarine designs (ref Chapter 11).

The eight Sart positions of the torpedo and three maximum speeds of the
submarine give atotd of 24 configurations or design points. Each of these design points
can be run for a specific number of iterations. The variahility of each iteration within
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each configuration is provided by the random time delays of the congtant rate sensors of
both the torpedo and the submarine, and by the random time delay of the firing of each
countermeasure dement. Fifty iterations are run for each design point using common
random numbers (ref Law and Kedton, 1991) for the sensor detection times and the
launch times of the countermeasure system. Based on the runs from thefirst 24 design
points, new design points are identified for the next set of amulations. The outcome of
the experimentsis the probability of surviva of the submarine based on the number of
times the submarine was caught by the torpedo for each design point and maximum speed
parameter.

The next section presents the results from the initid experiment and analyzes
these reaults.

B. THE OUTCOME OF THE SMULATION OF THE FIRST SET OF
DESIGN POINTS

As described in the previous section, the first set of Smulation experiments
consgts of 24 design points (eight torpedo drop positions times three maximum speeds)
with 50 replications a each design point. The results show that the submarineiskilled in
every one of the runs where the torpedo starts at the closest range (ref Table 1) regardless
of the maximum speed of the submarine. These results dso show theat the probability of
aurviva (Py) for a submarine with maximum speed 12 is zero.

Speed

Torpedo Start Position 12 kt 18 kt 25 kt
Short dist, Quadrant 1 0 0 0
Short dist, Quadrant 2 0 0 0
Short dist, Quadrant 3 0 0 0
Short dist, Quadrant 4 0 0 0
Long dist, Quadrant 1 0 0.6 0.6
Long dist, Quadrant 2 0 0.58 0.58
Long dist, Quadrant 3 0 0.24 0.24
Long dist, Quadrant 4 0 0.32 0.32

and drop positions of the torpedo.

Table 1. Probability of survival of the submarine at varying maximum speeds



Because the probability of survivd is zero for dl the runsin which the torpedo is
dropped at a close distance, the data based on design points using close distances are not
andyzed further, nor are such design point investigated in additional Smulation runs.

The asymmetry between the results from Quadrant | and |1 versus Quadrant 111
and IV issurprising, but might be explained by the search pattern of the torpedo which
aways turns counter-clockwise. Although it is not the focus of thisthess to andyze the
survivability of the submarine as afunction of the direction from which an attack comes
(other than the design points previoudy mentioned), a caution about the interpretation of
results must be gtated. Theinitia experiments and probabilities for surviva generated
show different results among the quadrants. As noted above, N0 symmetry among runs
from different quadrants is expected due to the counter clockwise search pattern of the
torpedo. Itisdifficult to explain, however, why the difference between Quadrants | and
11, and Quadrants 111 and IV, are so large. Perhaps the answer lies in the search pattern of
the torpedo. When the torpedo startsin either the first or second quadrant, it by default
turns | eft towards the decoy. The opposite Situation occursin the third and fourth
quadrants where the torpedo turns away from the decoy during itsfirst left turn. The
torpedo’s behavior isthe only source of asymmetry in these scenarios, so it islogicd that
thisis the cause of the asymmetry in the results.

When investigating design points representing the long distance torpedo drop
positions (1400 meters), two results are of interest. Firdly, the probability of surviva is
adways zero for the dow (12 knot) submarine. Secondly, the probabilities of survivd for
the 18-knot and 25-knot submarinesin each of the quadrants are equd. (ref Table 2).

In order to find the relationship between maximum speed and the probability of
survivd, the results from each of the quadrants are pooled into one probability measure
for each maximum speed. These pooled results with a 95% confidence interva, are
shown in Fgure 10.



Quadrant Position Sub Speed P(survival)  P(kill)  # of kills

1 (2000.00, 1000.00) 12 0 1 50
1 (2000.00, 1000.00) 18 0.6 0.4 20
1 (2000.00, 1000.00) 25 0.6 0.4 20
2 (-1000.00, 1000.00) 12 0 1 50
2 (-1000.00, 1000.00) 18 0.58 0.42 21
2 (-1000.00, 1000.00) 25 0.58 0.42 21
3 (-1000.00, -1000.00) 12 0 1 50
3 (-1000.00, -1000.00) 18 0.24 0.76 38
3 (-1000.00, -1000.00) 25 0.24 0.76 38
4 (1000.00, -1000.00) 12 0 1 50
4 (1000.00, -1000.00) 18 0.32 0.68 34
4 (1000.00, -1000.00) 25 0.32 0.68 34

Table 2: Results from the simulations wher e the torpedo started at the long
distance.

The result from the 12-knot submarine is obvioudy the worst of these reaults; the
probability of being killed is certain with zero variance. At this stage it can be concluded
that a submarine designed with amaximum speed of 18 knots has a higher probability of
surviva than one with 12 knots.
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Figure 10: Results from the simulations where the torpedo started at the long
distance.
The relationship between speed and the probability of surviva for submaring s
with 18 and 25 knot maximum speedsisidentica. Although maximum speeds above 25

knots are nearly impossible for conventiond submarines, it is il of interest to see how
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thismode functions for higher maximum speeds. Specificdly, will survivability remain
congtant or rise with greater maximum speed?

Also, theinitid experiment does not show how the probability of surviva
increases between 12 and 18 knots. Further smulation runs therefore investigate
maximum speeds between 12 and 18 knots and test how the model performs for
maximum speeds above 25 knots.

C. THE OUTCOME OF THE SMULATION WITH ADDITIONAL SETSOF
DESIGN POINTS

This experiment investigates design points using speeds of 13, 14, 15, 16, and 17
knots at each of the four long drop positions. A maximum speed of 30 knotsisaso
smulated at four drop postions. The anadyss of these additiona data and eements of
the data from the previous section follow.

1. Analyss of the Extended Experiment

The results from the extended experiment show the relationship between the
probability of surviva and maximum speed with respect to each of the quadrantsthe
torpedo is dropped in (ref Figure 11).
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Figure 11: Probability of survival versus speed for each of the quadrants.
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The graph shows that if the torpedo is dropped in Quadrant | or 11, the probability
of survival is much greater than if dropped in the two other quadrants. Thisfact was dso
shown in theinitia experiment. Secondly, the graph shows that for Quadrants | and 11 the
best probability is met at alower maximum speed than for Quadrants il and IV. Inthe
13 to 18 knots range the dope is higher for Quadrants | and 11 than for Quadrants I11 and
IV. However a maximum speed of 18 knots or gregter the maximum probability of
aurviva isachieved in dl quadrants. Furthermore the probability of surviva stays
congtant for al the quadrants for maximum speeds above 18 knots.

While the differences in the surviva probabilities among the four quadrants are
interesting from atactica point of view, they are not the main focus of thisthesis. The
designed maximum speed of the submarine should result in good surviving probabilities
regardless of the torpedo’ s bearing. Therefore the data are pooled into one set of data for
each maximum speed in order to andyze surviva probabilities across al quadrants.

The pooled data set for each incremental maximum speed from 12 to 30 knots are
shown in Figure 12. The graph shows that the confidence interva of the probability of
surviva increases as the maximum speed increases from 12 to 18 knots. At 12 knots the
probability of survivd is zero without any varigbility a dl. When the maximum speed
increases towards 18 knots the confidence intervals show that the variability dso

increases.
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Figure 12: Mean survival probabilities with 95% confidence intervals.
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In order to understand the relationship between survival probability and speed
better the data curve was fit to a three parameter logigtic regresson moddl. Thismodel
hypothesizes an equation of the form

Ps= b,
B 1+ e(p(' bz(MaXajeed - b3))

where Ps isthe mean probability of survival. Using the data set resulting from the
gmulation, theb’sare estimated as: b1 = 0.43, b, = 1.90, and bz = 14.14. Thisestimation
was performed by the statistical package S-Plus. The curve that best approximates the
data under this modd can therefore be expressed as follows:

0.43

Ps= .
1+ exp(- 1.90(MaxSpeed - 14.14))

Figure 13 shows how the equation approximates the data points from the smulation.
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Figure 13: The curve of the three parameter logistic equation and the scatter plot
of the probability of survival data versus maximum speed.
The parameter b1 represents the asymptotic upper limit of the curve, while bz
represents the turning point. The parameter b, together with b1 and b3 describes the dope

of the curve asfollows



dy _ b,b, (e (- b,(x- bs)))_
& Tveol 0,0 b))

For example a a speed that gives the maximum dope at the turning point b ; the
dopeis
dy _b.b,
dx 4
For these values the equation gives adope of 0.203 when the maximum speed is 14.14
knots.
This estimation provided an equation describing the relationship between the
probability of surviva of the submarine and its maximum speed. The following section
describes how the results from the smulation and the survivability curve are interpreted.

2. Interpretation of the Results

The conventiond view from WWI and WWII that more speed is better has been
confirmed in the speed range from 12 to 18 knots. Thisis clearly shown with the use of
the type of countermeasures used in thismodel. Without more effective countermeasures
maximum speeds below 18 knots should not be considered.

The fact that the probability of surviva does not increase for maximum speeds
above 18 knots is quite surprisng however. One would have thought that the probability
of surviva would increase as the maximum speed increases. One possible explanation of
the results for maximum speeds above 18 knotsis asfollows. The faster speeds are not
aufficient to carry the submarine out of the torpedo’ s range for those scenarios in which
the torpedo acquires the submarine. At that point it becomes arace that the torpedo
adwayswins. Therefore faster gpeeds do not help the submarine in those scenarios.

The time a which the torpedo gains contact with the submarine after the
investigation of the decoy is done depends on the relaive position of the jammers, the
submarine, and the torpedo. If the submarine emerges into the line of Sght of the
torpedo, it will have to be within the torpedo’ s sensor range for the torpedo to acquire.
Sincetheinitid geometry in each runisidentica for each maximum speed in the
experiment, the distance between the torpedo and the submarine when detection takes

placeis afunction of the submarine’s maximum speed. However the increased distances
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are not sufficient for the submarine to escape in those cases. The randomness build into
the modd will adlow a certain proportion of the submarines to enter the torpedo’ s sensor
range at atime when the torpedo is not directing its sensor towards the submarine. If the
submarine has sufficient speed it will manage to get outsde the torpedo’ s sensor range by
the time the torpedo has done one turn of its search and is directing the sensor towards
the submarine. A dow submarine will not managethat. A certain proportion of the
submarines will not manage to get out of the torpedo’ s sensor range however high its
maximum speed is.

In light of the reaionship between the probability of surviva of the submarine
and its maximum speed, it is of importance to revisit the assumptions of the model and
the design of the experiment. Although al factors were described in earlier chapters, two
of the most important ones are highlighted here.

Theinitid gpeed of the submarine was five knots for dl the experimenta runs.
That parameter may vary widely in red Stuations. It is not, for example, the worst case
imaginable, where the submarine is dead-in-water. In such a case, the submarine must
accderate for alonger time before it reaches its maximum speed, giving the torpedo
much more time to catch it.

Thejammers are modeled in this thesis as * cookie-cutter” noisemakers, which are
100% efficient within a specific radius. A red jammer could possbly be 100% efficient
againg atorpedo sonar within ajamming radius, but could also have a reduced effect
outside that radius. Two or more jammers might overlgp so that the combined areaforms
aunified 100% efficient wall of sound againgt the torpedo sonar. The radius of each of
the jammers might dso in redity have a different radius than what is modeled here. The
radius could possibly change from location to location or from day to day, depending on
the oceanographic conditions and the acoustic conditions of the surrounding weter.

How would changes to the assumptions of initid soeed and jammer efficiency
influence the probability of surviva curve? Perhaps the upper asymptotic limit of the
curve might be lowered, so that the probability of surviva decreases for the high
maximum speed range. Additiondly, the entire curve might be shifted to the right,



suggesting that the highest probability of surviva occurs a maximum speeds greater than
18 knots.

The probability of surviva curve generated has two distinct segments. Between
12 and 18 knots, survivability varieswiddy as afunction of maximum speed. A smdl
change in maximum speed within this range leads to alarge change in the survivability of
the submarine. In the second segment (between 18 and 30 knots), the curve flattens out.
Increasing maximum speed does not improve the submaring s probability of survival.

To desgn asubmarine with a high probability of surviving torpedo attacks, this
study suggests that the submarine should be capable of reaching maximum speeds equd
to those in the upper (flat) segment of the curve. This study does not suggest whet the
actua maximum speeds should be because the curve generated depends on the specific
assumptions described in previous chapters. For area system not restricted by the
assumptions made here, the curve might have a different shape, or it may have smilar
shape but be shifted in one direction. Figure 14 shows an example of the latter Stuation,
where the curveis shifted two knotsto the right. In this example, a 20 knot maximum
speed (rather than 18) provides the highest probability of surviva, and the probability of
aurvivd for 16 knotsfdls by hdf, from 0.4 to 0.2.
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Figure 14: A shift of the curve of two knots to the right.
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This example emphasizes how important it is to design a submarine with
maximum speeds well into the upper flat area of the curve. Asthis example shows,
incrementa changes in maximum speed until the point where the curve flattens may
result in large increases in surviva probability.

The fina chapter concludes these thoughts and makes recommendations based on

these findings.



VI. CONCLUDING REMARKS

Thisthesis has examined the threat to a conventiona submarine from amodern
light torpedo dropped from a ship’s helicopters or from maritime patrol aircraft (MPA).
It amulates the interaction between the submarine, the torpedo, and countermeasure
systems to determine the effect of speed on the submarine s evasive performance.
Reaults of the smulation provide information to the submarine community on the
probability of submarine surviva for arange of maximum speeds. This chapter
summarizes the mgor findings and conclusions of the study, and makes
recommendations for submarine maximum speed. The find section makes suggestions

for further research.

A. CONCLUSIONSAND RECOMMENDATIONS

Theintent of thisthess was to find the relationship between maximum speed of a
conventiond coastdl submarine and the evasive cgpability of the submarine. Inthe first
chapter the problem is stated in two questions:

What is the effect of a conventiond submaring's maximum speed on its
evasive performance when attacked by a modern light ASW torpedo?

What should be the maximum speed of a conventiona coastd submarine
equipped with atorpedo countermeasure system be to ensure a specified
probability of surviva while evading alight ASW torpedo?

The amulaion and analyss of the results show that a relationship exists between
an evadve paformance of a submarine and its maximum speed. Under the assumptions
of this study, a submarine with maximum speed below 12 knots cannot evade a torpedo.
The probability of surviva for the submarine improves with each incrementa increasein
maximum speed 12 to 18 knots. According to this analysis, speeds above 18 knots do not
improve the submaring' s probability of survival. The concluson isthat the submarine's
maximum speed affectsits evasive performance within a specific range. Although the
mode smulated shows improvements only in the range between 12 and 18 knots, ared
system might exhibit improvements across a different range.
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The estimated equation found in the previous chapter (ref page 42), expresses the
characterigics of the smulation, which isonly amodel of redity. The datafor the mode
come from open sources and o the particular numbers do not necessarily represent the
behavior of actua submarines and torpedoes. However, the shape of the curveislikely to
be redidtic.

With respect to probability of survival while evading alight ASW torpedo, the
maximum submarine speed providing the greatest probability of survival (0.435) is 18
knots. The mode is based on assumptions that might make the results more favorable for
the modded submarine than in ared life Stuaion. This Sudy suggessat least a
maximum speed of 18 knots with higher speed capability recommended, and points out
that interpretations of the surviva curve in the range around 18 knots must be made with
care. Again, ared system not operating under the same assumptions as this mode might
show different probabilities of surviva a different speeds.

It should be kept in mind that these results come from an experiment where the
torpedo is dropped at a distance from the submarine of approximately 1400 meters.
When dropped at the closest distance (500 meters) the modeled submarine had a
probability of surviva of zero, regardless of its maximum speed.

B. SUGGESTIONS FOR FURTHER WORK

Changesin the assumptions of the model may change the shape or range of the
probability of surviva curve and the conclusions regarding maximum speed. From this
study, there is some reason to believe that changes in the initia speed of the submarinein
particular could lead to changesin the submarine s probability of survival. Theseissues
bear for further investigation.

The upper flat part of thismodd’s surviva curve (between 18 and 30 knots)
should aso be investigated further. Isit true that a submarine with a maximum speed of
30 knots does not survive any better than a submarine with a maximum speed of 18
knots? Oneway to investigate this question might be to choose an MOE that focuses on
the submarines that are killed, but emphasizes the length of time before it iskilled.
Models with different maximum speeds can, as this thes's shows, have the same
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probability of survival. A question to ask would be, for the submarines that were killed,
are the times to kill equa for submarines with different maximum speeds? If not then
perhaps higher maximum speed gives the submarine more time to execute new or other
types of evasve actions and to survive.

Thiswork can adso be extended to further investigate countermeasure systems. |Is
the configuration of one decoy and four jammers a good configuration? Are there other
more efficient ways to deploy each of the dements of the countermeasure system
geometricdly around the submarine? This thess partidly answers some questions but
suggests many others deserving further investigation.
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